The distribution of the aac(6)-Ig gene, encoding aminoglycoside 6-N-acetyltransferase-Ig [AAC(6)-Ig], was studied in 96 Acinetobacter haemolyticus strains and 12 proteolytic Acinetobacter strains, including Acinetobacter genomospecies 6, 13, and 14 and 3 unnamed species assigned to this genomic group by DNA-DNA hybridization. This gene was detected by DNA-DNA hybridization in all 96 A. haemolyticus strains and by PCR in 95 strains but was not detected in strains of other species, indicating that it may be used to identify A. haemolyticus. Three A. haemolyticus strains were susceptible to tobramycin and did not produce an aminoglycoside 6-N-acetylating activity, although they contained aac(6)-Ig-related sequences. An analysis of three susceptible A. haemolyticus strains indicated that aminoglycoside resistance was abolished by the following three distinct mechanisms: (i) a point mutation in aac(6)-Ig that led to a Met563Arg substitution, which was shown by analysis of a revertant to be responsible for the loss of resistance; (ii) a polythymine insertion that altered the reading frame; and (iii) insertion of IS17, a new member of the IS903 family. These observations indicated that AAC(6)-Ig is not essential for the viability of A. haemolyticus, although the aac(6)-Ig gene was detected in all members of this species.
Members of the Acinetobacter genus are ubiquitous bacteria that often colonize hospitalized patients, probably in part because of their multiresistance to antibiotics. These bacteria are also increasingly responsible for nosocomial infections in intensive care units. Acinetobacter baumannii isolates represent at least 90% of total Acinetobacter clinical isolates, whereas Acinetobacter haemolyticus is the most prevalent (approximately 3%) among proteolytic species (14) . Acinetobacter genomospecies 6, which is closely related to A. haemolyticus, is identified by its inability to utilize DL-␥-4 aminobutyrate (3). This character, however, is based on studies of only two strains. We recently characterized the chromosomal aac(6Ј)-Ig gene that encodes aminoglycoside 6Ј-N-acetyltransferase Ig [AAC(6Ј)-Ig] in A. haemolyticus BM2685. A study of the activities of various aminoglycosides against 96 A. haemolyticus strains indicated that only 3 strains were not resistant to tobramycin. The aim of this work was (i) to study the distribution of aac(6Ј)-Ig in Acinetobacter strains belonging to proteolytic genomospecies that had previously been defined by DNA relatedness (5), (ii) to study the correlation between the aminoglycoside resistance genotypes and phenotypes of these strains, and (iii) to identify the mechanisms responsible for the loss of aminoglycoside resistance in the three susceptible A. haemolyticus strains.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains and plasmids used in this study are listed in Table 1 . A total of 96 A. haemolyticus strains, 7 A. baumannii strains, 35 proteolytic Acinetobacter strains (comprising unnamed genomospecies 6, 13, 14, 15, 16, and 17) , and 3 strains that remain ungrouped (15, 23) were from the collection of the Unité des Entérobactéries, Institut Pasteur, Paris, France. Also included were A. haemolyticus SEIP 11.84, SEIP 17.79, SEIP 23.77, CIP 53.116, CIP 64.4, CIP 70.14, CIP 70.26, CIP 70.27, and Ac 179 OKI 75852 and Acinetobacter genomospecies 6 strains CIP A165 and Ac 22 OKI 24697, which had been assigned at the species level by DNA-DNA hybridization (3, 5) .
Strain identification and growth conditions. Strains were assigned to the Acinetobacter genus by transformation assays (12) . Identification at the species level was achieved by biochemical tests, including carbon source utilization (3, 4) . Strains were grown in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) or on Mueller-Hinton (MH) agar (Sanofi Diagnostics Pasteur, Marnesla-Coquette, France). MH medium supplemented with 0.005% 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (IPTG) was used to detect the production of ␤-galactosidase. Resistance to tobramycin was screened on MH agar containing 4 g of the antibiotic per ml, with 10 4 CFU per spot. The activities of 2Ј-and 6Ј-N-ethylnetilmicin were analyzed by diffusion on MH agar at 30°C with disks containing 100 g of antibiotic.
Assay for aminoglycoside-modifying enzymes. The activities of aminoglycoside-modifying enzymes were detected in bacterial extracts by the phosphocellulose paper-binding technique (9) . The final concentration of aminoglycoside in the assay mixture was 66.7 g/ml, and the reaction was allowed to proceed for 30 min at 30°C. Strain BM2685 (14) was used as a positive control for AAC(6Ј)-I production.
Genetic techniques. Transformation of Escherichia coli JM83 was performed as previously described (24) . The antibiotics used for selection were ampicillin (100 g/ml), kanamycin (20 g/ml), and tobramycin (10 g/ml).
Preparation and analysis of DNA. Total DNA (22) and small-and large-scale (2, 24) preparations of plasmid DNA have previously been described. Electrophoresis was performed on 0.8% agarose gels (Sigma Chemical Co., St. Louis, Mo.) with a Tris-borate buffer system. DNA techniques. For dot blot hybridization, DNA was immobilized on Nytran membranes (Schleicher & Schuell, Dassel, Germany). Prehybridization and hybridization were carried out as previously described (15) . The aac(6Ј)-Ig gene probe (438 bp) was obtained by PCR amplification of pAT475 [aac(6Ј)-Ig] DNA with primers AL and AR (19) ( Table 2 ). The 438-bp fragment was separated by electrophoresis on low-temperature-gelling agarose type VII (Sigma Chemical Co.), extracted, and radiolabeled with [␣-32 P]dCTP by nick translation as previously described (19) . PCR was performed (19) with a DNA thermal cycler 480 (Perkin-Elmer Cetus, Norwalk, Conn.), primers synthesized by the methoxy phosphoramidite method (Unité de Chimie Organique, Institut Pasteur) ( Table  2) , and template DNA prepared by lysis of an overnight culture at 100°C as previously described (11) . PCR products were separated by agarose gel electrophoresis and visualized by ethidium bromide staining. Amplified fragments were purified by using a Qiagen kit (Qiagen, Inc., Chatworth, Calif.) according to the manufacturer's instructions and subsequently used for cloning.
DNA sequencing. aac(6Ј)-I genes were cloned into pUC19 linearized by SmaI and ddT tailed as previously described (10) . The PCR fragment carrying IS17 was cloned into pCRII from a TA cloning kit (Invitrogen, San Diego, Calif.). Double-stranded DNA sequencing was carried out with synthetic oligonucleotides. Sequencing reactions were performed by the dideoxynucleotide chain terminator technique (25) . DNA fragments were resolved by electrophoresis on 8% polyacrylamide gels containing 8 M urea. Sequences established from amplified fragments cloned into a plasmid vector were determined from three independent clones to screen for base misincorporation by Taq DNA polymerase.
Enzymes and chemicals. T4 DNA ligase, Taq DNA and other DNA polymerases, and restriction endonucleases (Amersham, Buckinghamshire, England) and a Sequenase version 2.0 DNA sequencing kit (U.S. Biochemical Corp., Cleveland, Ohio) were used according to the recommendations of the corresponding manufacturer. Lysozyme was from Sigma Chemical Co., and RNase A (bovine pancreas) was from Calbiochem-Behring (La Jolla, Calif.). Assay for transposition by plasmid conduction in E. coli. Plasmid pAT484 (Tra Ϫ Mob Ϫ Km r ) carrying IS17 was introduced by transformation into E. coli HB101 (recA Str r ) harboring pOX38Gm (Tra ϩ ). The resulting strain, HB101 (pOX38Gm, pAT484), was mated with E. coli DH1 (recA Nal r ), and transconjugants were selected on medium containing nalidixic acid (40 g/ml) and kanamycin (20 g/ml) to test for the presence of cointegrated plasmids that could be generated by replicative transposition of IS17.
Nucleotide sequence accession number. Nucleotide and amino acid sequences from GenBank, EMBL, and Swiss Prot databases were analyzed and compared with the FASTA program (Genetics Computer Group software). The nucleotide sequence of IS17 has been deposited in the GenBank data library under accession no. U95013.
RESULTS AND DISCUSSION

Identification of A. haemolyticus. The 96 strains identified as
A. haemolyticus produced clear hemolysis on horse blood agar Aminoglycoside resistance in A. haemolyticus. Ninety-three A. haemolyticus strains and 12 proteolytic Acinetobacter strains, including unnamed genomospecies 6, 13, and 14 and 3 strains that remain ungrouped, grew on MH agar containing 4 g of tobramycin per ml. Disk susceptibility tests indicated that these strains had an AAC(6Ј)-I resistance phenotype. This phenotype is characterized (i) by lower 2Ј-N-ethylnetilmicin activity compared with that of 6Ј-N-ethylnetilmicin, whereas these compounds have similar activities against aminoglycoside-susceptible strains, a difference that can be taken as evidence for production of an 6Ј-N-acetyltransferase (26) , and (ii) by the fact that netilmicin and tobramycin are less active than is gentamicin against these strains. In contrast, A. haemolyticus BM2713, BM2714, and BM2715 were susceptible to tobramycin and the MICs of amikacin, gentamicin, netilmicin, and tobramycin for these strains were Յ1 g per ml. In addition, the MICs of 2Ј-and 6Ј-N-ethylnetilmicin were similarly low (Յ0.5 l/ml) for these three strains. Extracts of these strains were devoid of aminoglycoside acetyltransferase activity (data not shown).
Distribution of the aac(6)-Ig gene. Total DNA from 138 Acinetobacter strains was spotted on a Nytran membrane and hybridized with the intragenic aac(6Ј)-Ig probe. This gene was present in all 96 A. haemolyticus strains, including the 3 tobramycin-susceptible strains, but was not present in strains of other species, indicating a species-specific distribution (data not shown). This observation suggests that either the gene was inactivated or that its product was not functional. Oligonucleotides AL and AR allow amplification of a 438-bp fragment of aac(6Ј)-Ig (19) . The expected PCR product was obtained with 94 of the 96 A. haemolyticus strains studied; it was not obtained with 2 of the 3 tobramycin-susceptible strains. A slightly larger amplification product (ca. 460 bp) was obtained from A. haemolyticus BM2715, whereas the PCR assay was reproducibly negative with A. haemolyticus BM2714.
Characterization of the silent aac(6)-Ig-like genes of BM2713 and BM2715. The aac(6Ј)-Ig-like gene obtained by amplification of BM2713 DNA with primers AL and AR was cloned into the ddT-pUC19 vector under the control of the lac promoter. Cloning did not generate a translational fusion between the lac and aac(6Ј)-Ig open reading frames (ORFs). E. coli JM83 harboring the resulting plasmid, pAT483, was susceptible to aminoglycosides and did not produce AAC(6Ј)-I activity, as determined by the phosphocellulose paper-binding assay (data not shown). Derivatives of E. coli JM83(pAT483) resistant to aminoglycosides were obtained at a frequency of 2 ϫ 10 Ϫ7 by selection on agar containing 5 g of tobramycin per ml. Plasmid DNAs extracted from five mutants were transformed into E. coli JM83, and the five transformants, E. coli JM83(pAT483-1) to JM83(pAT483-5), were resistant to aminoglycosides and produced 6Ј-acetyltransferase activities (data not shown). The MICs of tobramycin were 0.5, 8, and 32 g/ml for E. coli transformants harboring pAT483, pAT483-2, and pAT483-1, -3, -4, or -5, respectively. The aac(6Ј)-Ig genes of pAT483-1, -3, -4, and -5 contained a single mutation (AGG to ATG) in codon 56, leading to an arginine-to-methionine substitution (Fig. 1) . The wild-type aac(6Ј)-I gene of aminoglycoside-resistant strain BM2685 also contains an ATG codon at Little is known about the structure-activity relationships among 6Ј-N-acetyltransferases. It has previously been shown that the amino acid at position 119 of AAC(6Ј)-Ib is essential for the substrate specificity of the enzyme (20) . The wild-type AAC (6Ј)-Ib contains a Leu at position 119 and modifies amikacin but not gentamicin. The substitution of Ser for Leu119 leads to an enzyme that modifies gentamicin but not amikacin. In AAC (6Ј)-Ic, a leucine-to-serine substitution at the homologous position (position 96) leads to the specific loss of amikacin resistance, whereas resistances to other aminoglycosides remain unchanged (26) . The substitutions detected in our study affect other regions of the proteins and result in a loss of function rather than a change in substrate specificity.
A similar approach was used to characterize the aac(6Ј)-Iglike gene from BM2715. The amplified gene was cloned into ddT-pUC19, generating pAT485. The gene carried by pAT485 contained an insertion of 19 thymines, resulting in a frame shift. This plasmid did not confer aminoglycoside resistance to E. coli JM83, but spontaneous tobramycin-resistant mutants of E. coli JM83(pAT485) were obtained at a low frequency (ca. 10 Ϫ10 ; two mutants in five independent experiments). Transformations indicated that plasmids pAT485-1 and pAT485-2 in mutants conferred aminoglycoside resistance and encoded a functional 6Ј-acetyltransferase (data not shown). In pAT485-1, a deletion of 19 thymines restored the wild-type aac(6Ј)-Ig, whereas, most surprisingly, pAT485-2 resulted from a 15-bp deletion that did not restore the reading frame. The production of an active enzyme may result from RNA polymerase slippage, which is known to occur during the transcription of adenine or thymine runs in E. coli (31) . If this hypothesis is correct, RNA polymerase slippage should also occur in JM83 (pAT485); however, in this case, the incorporation of several phenylalanines, encoded by the thymine run, may lead to an inactive enzyme.
Characterization of IS17 in the aac(6)-Ig-like gene of BM2714. As previously mentioned, primers AL and AR did not amplify DNA from BM2714. Further PCRs were performed with various combinations of primers, suggesting that the aac(6Ј)-Iglike gene of BM2714 contained a ca. 1-kb insertion. In particular, primers BL and BR (Table 2 ) amplified a 1.4-kb fragment from BM2714 and a 0.4-kb fragment from BM2685. The 1.4-kb PCR product from BM2714 was cloned into pCRII and sequenced (Fig. 2) . The fragment contained a 1,049-bp insertion 50 bp downstream from the initiation codon of the aac(6Ј)-Iglike gene. This sequence, IS17, displayed similarities with insertion sequences belonging to the IS903 family. The insertion of this element generated a 9-bp direct duplication of target DNA. IS17 was delineated by inverted repeats that were similar to the 18-bp inverted repeats of IS903 and of elements isolated in Vibrio species, which were collectively designated ISVs (Fig. 3) . A search for stop codons in the three reading frames on each DNA strand identified a large ORF spanning 927 nucleotides between the TGA and TAA codons at coordinates 156 and 1086, respectively (Fig. 2) . The translation start codon, ATG at position 219, was preceded by 5 bp by a putative ribosome-binding site sequence. The deduced amino acid sequence of this ORF displays 39% identity with the putative transposase of IS903 (Fig. 4) . The ISVs of vibrios are not expected to encode functional transposases, since the corresponding ORFs contain stop codons or frame shifts. Base substitutions were introduced into ISVs to restore the ORFs for putative ancestral transposases as previously described (29) , revealing 39 to 41% identity with the putative transposase of IS17.
Nucleotide sequence similarity (80.2% identity in the common 721 bp) was also detected between IS17 and a region of plasmid pKLH2 from Acinetobacter calcoaceticus (13) , suggesting that this plasmid carries a truncated IS903-like element (Fig. 2) . The adjacent portion of pKLH2 has homologies with genes that encode the resolvases of transposons belonging to the Tn3 family (57% identity over 249 nucleotides [ Fig. 2]) .
The transposition of IS17 was assayed by plasmid conduction in E. coli (30) . Despite repeated attempts, cointegrate formation between pAT484 (Tra Ϫ Mob Ϫ Km r ) carrying IS17 and pOX38Gm (Tra ϩ ) was not detected. These negative results may indicate that IS17 is not functional or that transposition occurs in E. coli at a rate too low to be detected by the technique used.
Distribution of IS17 in Acinetobacter strains. PCR experiments with primers CL and CR ( Conclusions. Genes that encode aminoglycoside-modifying enzymes are generally located on mobile elements, including plasmids or transposons (26) . Therefore, these genes are not present in all members of a species but can disseminate among various genera. In contrast, Serratia marcescens, Enterococcus faecium, and Providencia stuartii harbor aac(6Ј)-Ic, aac(6Ј)-Ii, and aac(6Ј)-Ia, respectively, which appear to be species specific and stably inherited (7, 21, 27, 28) . These genes are thought to ISV-4R and ISV-5R are insertion sequence-like elements from Vibrio parahaemolyticus (29) . Dashes represent gaps (introduced to optimize similarity). Amino acids identical in at least three sequences are in boldface. Modifications were introduced in the nucleotide sequences of ISV-5R (insertion of G at base 806) and ISV-4R (substitution of T for G at base 670) to restore the ORFs encoding the corresponding transposases as previously described (29) . be part of the chromosome and confer low-level resistance to aminoglycosides. In this study, we detected the aac(6Ј)-Ig gene in all 96 of the A. haemolyticus strains tested and in 0 of the 12 strains belonging to other species. This confirms that the aac(6Ј)-Ig gene is specific to A. haemolyticus and can be used as an aid for identification at the species level. The detection of this gene by PCR may lead to false-negative results due to microheterogeneity in the sequence and the presence of DNA insertions. Ninety-three of the 96 A. haemolyticus strains tested were resistant to tobramycin, indicating the production of an AAC(6Ј)-I enzyme. Characterizations of aac(6Ј)-Ig-related sequences from the three remaining isolates indicated that the loss of resistance was due to alteration of the gene by the following three distinct mechanisms: (i) a point mutation in aac(6Ј)-Ig that led to a Met563Arg substitution, (ii) a polythymine insertion that altered the aac(6Ј)-Ig reading frame, and (iii) the insertion of IS17 in the coding sequence of aac (6Ј)-Ig. These observations indicate that aac(6Ј)-Ig is not essential, although it is present in all members of this species. In P. stuartii, the aac(2Ј)-Ia product contributes to O acetylation of peptidoglycan and mutants that under-or overexpress this gene exhibit morphological changes (18) . Whether the aac(6Ј)-Ig gene of A. haemolyticus has a similar function remains to be determined.
